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Abstract The numerical simulation of different types of nose cone shapes involving conical, Bi-conic,
parabolic, spherical Blunt cone and tangent ogive in high Knudsen numbers flow and for three different
mixtures O2–N2, He–Ar and He–Xe are investigated in this article. A computer code based on the method
of Direct Simulation Monte Carlo (DSMC) has been developed to study numerically the supersonic flow
around these cone shapes in rarefaction condition. In order to verify the computer code, the flow field in
the slip regime is solved and compared with the results of Navier Stokes equation with the slip boundary
condition. The results obtained in the supersonic flows regime show that the parabolic and tangent ogive
nose shapes have the least mean shear stress distribution and lowest tip temperature.
© 2012 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
The nose cone is the typical shape for almost all supersonic
vehicles and outer space spaceships. These vehicles normally
fly in high altitude and eventually may depart from earth atmo-
sphere. The air properties in this flight region are characterized
by low density, so molecular mean free path is taking a signif-
icant value. Thus, the flight Knudsen number (Kn = λL where
λ and L is the mean free path and characteristic length, respec-
tively) is increased.
For examining the flow fields around these nose cone shapes,
those governing equations need to be considered, which also
include the effect of high rarefied fluid. The general governing
equation in the rarefied gas flow is the Boltzmann equation.
Practically, the level of non-equilibrium thermodynamics or gas
rarefaction can be represented by Kn number. In general, for
problemswith Kn < 0.01, equilibrium thermodynamics will be
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doi:10.1016/j.scient.2012.10.029established and the flow field can be represented by continuum
governing equations such as Navier Stokes equations [1,2].
With increasing flow Kn number, the non-equilibrium
thermodynamics effects are becoming an important factor.
In the flight regime with Kn in the range of 0.01 and 0.1
(commonly known as the slip flow regime), the compressible
Navier Stokes equations with the slip boundary condition is
valid. In addition, in this range the rarefaction effects are
incorporated via the velocity slip as well as the temperature
jump boundary conditions. Finally, the Kn number in the range
of 0.1–10 is known as the transition flow regime [1,2].
For the analysis of the transition flow regime, the Boltzmann
equation, which is valid over the whole range of the Kn
number, should be considered. Due to complexities associated
with collision term, analytical and numerical solutions of this
equation currently are not feasible.
Various alternatives have been proposed to approximate the
Boltzmann equation. The first one is the extension of the hydro-
dynamic equations which is known as the Burnett equations. In
this method, the higher order non-linear constitutive relations
are adopted for the continuum Navier Stokes equations, which
cause departure from thermodynamic equilibrium. The Bur-
nett equations are highly non-linear partial differential equa-
tions inwhich its numerical analysis is normally promptedwith
some instability. The second approach is the Direct Simulation
Monte Carlo (DSMC) method which is developed by Bird [3].
This method is a kinetic model based on particle simulation.
evier B.V. Open access under CC BY-NC-ND license.
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Kn Knudsen number
L Characteristic length of the flow field
λ Molecular mean free path
M Mach number,= U√
γ RT = U√γ κm T
P Pressure
T Temperature
ρ Density
n Number density
c Molecule velocity
d Molecular diameter
m Molecular mass
κ Boltzmann constant = 1.380658× 10−23
1V Cell volume
FN Number of real molecules represented by a
simulated molecules
Pw Wall pressure
τw Wall shear stress
qw Wall heat flux
γ Ratio of specific heats
m Molecular mass
U Velocity of oncoming flow
Boyd et al. investigated the experimental and numerical so-
lutions for low density nozzle and plume flow of nitrogen by
using DSMC method [4]. Also, Campbell solved shock interfer-
ence predictionwith DSMCmethod [5]. Jain and Ramachandran
developed an object-oriented code based on Direct Simulation
Monte Carlo method for modeling of rarefied flow around ge-
ometries of arbitrary shapes [6]. Wang and Bao investigate the
Aerothermodynamics of hypersonic small nose cone with local
rarefied gas effects [7]. Lilley and Macrossan used an alterna-
tive technique instead of acceptance–rejection method for im-
plementing the stream boundary condition [8]. Sengil and Edis
used highly efficient volume generation reservoirs in molecu-
lar simulations of gas flows [9]. Scanlon et al. used OpenFOAM
DSMC to solve flow around a cylinder [10]. Liu et al. used an
object-oriented serial implementation of the DSMC simulation
package to investigate hypersonic flow over a wedge at M =
10 [11].
According to the authors’ knowledge the flow field in
high Knudsen number around nose cone shapes has not been
investigated to date. The purpose of the current study is to
consider the flow around five commonnose cone shapes in high
Knudsen number.
2. Direct Simulation Monte Carlo (DSMC) method
The DSMC which is a method was first introduced by Bird
[3,12]. This method is based on the direct simulation of gas
flow and the kinetic theory. In DSMC method, for modeling
gas flow, the enormous number of simulated particles is used,
while each simulated particles represents large number of
molecules. The DSMCmethod can bementioned as an unsteady
and explicit timemarchingmethod; thus, it can be used directly
for unsteady gas flow. For steady flow, the simulation will
be continued until the change of flow field variables becomes
trifling. The major approximation of this method is that during
each step the deterministicmolecularmotions andprobabilistic
intermolecular collisions are decoupled from each other.The DSMC method is made of four essential processes.
In the first step, the particles travel deterministically based
on their velocities and if they cross the boundary, the
boundary condition is enforced. The Maxwellian diffusive and
the specular reflection model are used for the solid surface
boundary and symmetric boundary, respectively. The second
step is indexing and tracking of the particles. During the first
step the position of particles are changed, and therefore their
cell numbers will be altered. Moreover, the new particles are
entered from inlet boundary. Therefore, before proceeding to
the third and fourth step, the cell number of particles must
be specified. The third step is the modeling of the collision
between particles. In DSMC method, the simulation of collision
of particles is done statistically. It is noteworthy that only
the particles located in the same cell are allowed to be
selected as collision partner. In the present work, No Time
Counter (NTC) technique of Bird (1994), in conjunction with
the sub-cell technique, is used for modeling the collision of
particles [3].Moreover, the Variable Hard Sphere in conjugation
with Larsen–Borgnakke phenomenological model [13] is used
to simulate inelastic binary collision. Sampling is the last step
of DSMC method. The macroscopic properties of a flow field
are sampled from field cells, and the value represents the flow
property at the cell center. For a steady state problem, the flow
fields sampling is started when the simulation has reached a
steady state. There are two types of averaging processes; the
first one is the time average and the other one is the ensemble
average. Time averaging is used for steady problems and in
this method, macroscopic properties is obtained over many
time steps. In ensemble averaging, sampling process takes over
a large number of instantaneous averages in the same space
element at the same time and this method is used in unsteady
problem to increase the sample size. The flow density and
velocity can be calculated through the following equations:
N =
Nt
i=1
Ni, ρ = 1Nt
NFN
1V
m,
U = 1
N
Nt
i=1
Ni
j=1
cu,j, V = 1N
Nt
i=1
Ni
j=1
cv,j,
W = 1
N
Nt
i=1
Ni
j=1
cw,j,
(1)
where Ni is the number of molecules in the cell at current
time step and Nt the number of time steps. 1V ,m and FN
are the volume of the cell, mass of the simulated molecule
and the number of real molecules represented by a simulated
molecules, respectively. Here, cu,j, cv,j, cw,j are the components
of velocities vector of jth simulated molecule in x, y and z
directions, respectively. ρ is the flow density and U, V , and W
are the mean flow velocities in the center of cell in x, y and z
directions, respectively. The flow temperature and pressure are
calculated as follows:
Tx = m
κ
 1N
Nt
i=1
Ni
j=1
c2u,j −

1
N
Nt
i=1
Ni
j=1
cu,j
2 ,
Ty = m
κ
 1N
Nt
i=1
Ni
j=1
c2v,j −

1
N
Nt
i=1
Ni
j=1
cv,j
2 , (2)
Tz = m
κ
 1N
Nt
i=1
Ni
j=1
c2w,j −

1
N
Nt
i=1
Ni
j=1
cw,j
2 ,
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T = 1
3

Tx + Ty + Tz

, P = 1
Nt
NFN
1V
κT , (3)
where Tx, Ty and Tz are the thermal temperatures in the x, y and
z directions, respectively, T is the flow temperature and P is the
pressure of the flow.
Pressure (Pw), shear stress (τw) and heat transfer rate (qw)
on the surface are calculated by Eqs. (4)–(6):
Pw = FNts1A
Ns
j=1
m

crn,j − c in,j

, (4)
τw = FNts1A
Ns
j=1
m

crt,j − c it,j

, (5)
qw = FNts1A

Ns
j=1

1
2
mc2j
i
−
Ns
j=1

1
2
mc2j
r
. (6)
In the above equations, the superscript ‘‘i’’ denotes the values
of the incident to the wall and ‘‘r ’’ recognizes the values
reflected from the wall and cn and ct are the normal and
tangential components of molecular velocity, respectively. Ns
is the total number of molecules colliding with solid surface
during sampling time ts.
3. Results
In the current study, the flow field around conical, Bi-
conic, parabolic, spherical Blunt and tangent ogive nose cone
shapes are investigated. The geometry of these bodies is shown
in Figure 1. The length of forebody is 0.3 m. The diameter
and length of aftbody circular cylinder are 0.2 m and 1.5 m,
respectively. The simulation is done for two Knudsen numbers
(Kn = 0.05, 0.5) and three different gas mixtures, such as
O2–N2, He–Ar and He–Xe.
In order to validate the results, the slip regime is investigated
by the DSMC method and the numerical approximation of
the Navier–Stokes equations with Maxwell’s velocity slip
and Smoluchowski temperature jump boundary conditions.
The relations for velocity slip and temperature jump are as
follows [1]:
Us − Uw = 2− σu
σu
Kn
∂Us
∂n
+ 3
2π
(γ − 1)
γ
Kn2Re
Ec
∂T
∂s
Ts − Tw = 2− σT
σT

2γ
γ + 1

Kn
Pr
∂T
∂n
(7)
where Uw and Tw and the non-dimensional wall velocity and
temperature, respectively. γ is the ratio of specific heats, σv and
σT are the tangential momentum and energy accommodation
coefficients and Ec, Re and Pr are the Eckert, Reynolds andPrandtl numbers, respectively. Also, n and s denote the unit
outward normal and the unit tangential vector of wall.
Finally, the flow field in the transition regime is solved by
DSMC method.
3.1. Slip regime
For the selected Knudsen number (Kn = 0.05), both the
tangential momentum and the energy accommodation coeffi-
cient are selected equal to 0.85. Also, the incident Mach num-
ber, ambient temperature andwall temperature are considered
M = 5, T = 250 K, T = 500 K, respectively. The pressure at
the far field boundaries will be calculated from the following
equation:
n = 1√
2πd2L Kn
p = nkT . (8)
The mixture components are nitrogen and oxygen and their
concentration fraction are 0.8 and 0.2, respectively.
The velocity in x direction and pressure contours for DSMC
method and Navier Stokes Equations (NSE) are compared in
Figure 2. In this figure, the NSE solution is shown in the upper
half and the DSMC results are shown in the lower half. As can
be seen, the pressure contours are in the excellent agreement
but the velocity contours illustrate some differences. The source
of this discrepancy is related to the inaccuracy of Maxwell’s
velocity slip boundary condition. As mentioned before, this
boundary condition is valid for the Kn between 0.01 and 0.1
and, therefore, with increasing Kn from 0.01, the accuracy of
this boundary condition is reduced. It is worth to mention that
the NSE solution contours are smoothwhile the DSMC contours
show some wiggles. This is mainly due to the statistical nature
of DSMC. For both methods, the pressure and slip velocity at
the wall surface are compared in Figure 3. The results show
that the predicted pressure field is in good agreement, but there
is some discrepancy in the velocity field. For all of the nose
cone shapes, maximum difference in velocity occurred near
the end portion of the nose cone. The tangent ogive has the
greatest discrepancy with respect to the other nose shapes. The
maximumdifferences between x component of the velocity and
pressure predicted by DSMC and FVM are about 10% and 1%,
respectively.
3.2. Transitional regime
3.2.1. Oxygen and nitrogen mixture
In the second case for Kn = 0.5, the wall surface is consid-
ered to be adiabatic and all other parameters are selected the
same as the first case (Kn = 0.05). Figure 4 illustrates the Mach
number and temperature contours of DSMC results for all nose
cone shapes. As seen from this figure, it is clear that there is not
any strong shock in this regime as compared with the previous
high dense gas example (Kn = 0.05). Furthermore, as it is ap-
parent from Figure 4, the Mach number and temperature field
are smoothly changed from the ambient values to the surface
values. Figure 5 represents the pressure at the wall surface. As
it is shown, the stagnation point is formed at the front of the
spherical blunt cone shape, whereas at this point the pressure is
about 27 times greater than the ambient pressure. The pressure
at the tip of the tangent ogive, parabolic, bi-conic and conical
is about 13, 9, 8, and 6 times more than the ambient pressure,
respectively. Moreover, the parabolic and Bi-conic have the
minimum mean pressure where the spherical blunt has the
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smooth changes of pressure for the tangent ogive and the
parabolic nose shapes but, for the other nose shapes, there is
a pressure jump at the end of the nose cone. Figure 6 represents
the slip velocity at the wall surface. Regarding this figure, the
spherical blunt cone’s stagnation point is formed at the tip ofthe cone and also all nose cone shapes have the same slip ve-
locity after x > 0.4. In other words, the shape of the nose cone
does not have a noticeable effect on the slip velocity distribu-
tion on the cylindrical body region.
The tangent ogive and parabolic nose shapes have a smooth
change in the slip velocity distribution, but the other nose
1516 Y. Amini et al. / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 1511–1518Figure 4: Mach number and temperature contours of DSMC method Kn = 0.5.Figure 5: Pressure contours of DSMC method on the cone surface for all nose
cone shapes at Kn = 0.5.
shapes have a constant slip velocity on the nose cones and also
a jump at the end portion of nose cones. Figure 7 represents
the wall shear stress at the wall surface. Similar to the pressure
and slip velocity figures, wall shear stress for the tangent ogive
and the parabolic nose has a smooth change, but the conical
and spherical blunt cone have a constant wall shear stress onFigure 6: Slip velocity contours of DSMC method on the cone surface for all
nose cone shapes at Kn = 0.5.
the cone surface while the bi-conic wall shear stress graph
represents a jump. In addition, as can be seen from Figure 7, the
tangent ogive and parabolic cone shapes have the lowest mean
shear stress on the surface where the bi-conic and conical have
the highest value of mean shear stress on the wall.
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cone shapes at Kn = 0.5.
Figure 8: Temperature contours of DSMC method on the solid surface for all
nose cone shapes at Kn = 0.5.
Figure 9: Temperature of mixture components (Oxygen, Nitrogen) on the cone
surface.
Figure 8 represents the temperature distribution at the
wall surface. The variation of temperature on the wall is
similar to other properties, i.e. smooth change for tangent ogive
and parabolic nose, but constant value for other shapes. As
shown in Figure 8, the parabolic nose shape has the minimum
temperature on the tip and the tangent ogive has the minimum
mean temperature on the cone surface. Finally, in Figure 9
the temperature of two components of mixture, i.e. oxygen
and nitrogen, is plotted. Since the differences in molecular
weights of these gases are small, the temperature of the two
components have a low difference.
3.2.2. Helium and argon mixture
In this section, just the parabolic nose shape is examined
for the fluid mixture of helium and argon. In this case, the
concentration fraction of both components is considered 0.5.Figure 10: Temperature of mixture components (Helium, Argon) and overall
temperature on the cone surface.
Figure 11: Concentration fraction of mixture components (Helium, Argon) on
the cone surface.
Figure 10 shows the temperature distribution of mixtures
components on the solid surface. As can be seen on the solid
surface, the temperature of heavy component (Ar) is larger
than the temperature of light component (He). The maximum
temperature for He and Ar is 2200 K and 900 K, respectively.
Regarding Figure 11, the fraction of heavy component (Ar)
increases on the surface and reaches to the maximum value
about 63%, where the fraction of light component decreases
and reaches the minimum value about 37%. In other words,
the heavy component near the surface has a high density and
temperature, whereas other side of the light component has a
low density and temperature.
3.2.3. Helium and xenon mixture
Similar to the previous sections, in this section the
concentration fraction of helium and xenon is also set equal to
0.5. In Figures 12 and 13 the temperature and concentration
fraction of the components are plotted. Since the xenon
is much heavier than the helium (almost 32 times), the
difference between the temperature and concentration fraction
of components increase. The maximum value of temperature
for xenon reaches 6500 K while the maximum temperature of
He is about 1600 K at the tip of nose cone.
4. Conclusion
In the present study, the flow field around five special nose
cone shapes (conical, Bi-conic, parabolic, spherical Blunt, tan-
gent ogive) at two different Knudsen numberswas investigated.
The results show that the spherically blunt cone shape has the
maximum tip pressure and the parabolic and Bi-conic have the
1518 Y. Amini et al. / Scientia Iranica, Transactions B: Mechanical Engineering 19 (2012) 1511–1518Figure 12: Temperature of mixture components (Helium and Xenon) and
overall temperature on the cone surface.
Figure 13: Fraction of mixture components (Helium and Xenon) on the cone
surface.
minimum tip pressure. Also, the spherical blunt shape hasmax-
imum mean pressure on the surface. In addition, the parabolic
nose shapehas theminimumtip temperature and tangent ogive
has the minimummean surface temperature. Furthermore, the
tangent ogive and parabolic cone shapes have the minimum
mean shear stress on the surface. Besides, the heavy component
of fluid mixture moves close to the surface and consequently
its density increases near the cone surface. Finally, the temper-
ature of heavy component gas is greater than the light compo-
nent gas at the region close to the cone surface and stagnation
point.
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